The HIV-1 regulatory proteins Rev and Tat are expressed early in the virus life cycle and thus may be important targets for the immune control of HIV-1-infection and for effective vaccines. However, the extent to which these proteins are targeted in natural HIV-1 infection as well as precise epitopes targeted by human cytotoxic T lymphocytes (CTL) remain to be defined. In the present study, 57 HIV-1-infected individuals were screened for responses against Tat and Rev by using overlapping peptides spanning the entire Tat and Rev proteins. CD8؉ T cell responses against Tat and Rev were found in up to 19 and 37% of HIV-1-infected individuals, respectively, indicating that these regulatory proteins are important targets for HIV-1-specific CTL. Despite the small size of these proteins, multiple CTL epitopes were identified in each. These data indicate that Tat and Rev are frequently targeted by CTL in natural HIV-1 infection and may be important targets for HIV vaccines.
H
IV-1 infection is characterized by an early peak of viremia that declines coincident with the development of strong cytotoxic T lymphocyte (CTL) responses (1-3) (reviewed in refs. 4 and 5) . Selection for mutations within CTL epitopes demonstrates that CTL exert pressure on virus replication in vivo (6) (7) (8) (9) (10) , and studies in macaques have provided compelling in vivo data for the role of CD8ϩ T cells in controlling viremia in both acute and chronic simian immunodeficiency virus (SIV) infection (11, 12) . HIV-1-infected individuals who are treated during acute infection show enhancement of both CTL and T helper cell responses against HIV-1 associated with subsequent viral control after treatment interruption (13) . Induction of HIV-1-specific cytotoxic T cell responses is therefore considered an important goal for AIDS vaccines (14) .
Thus far, the analysis of HIV-1-specific CTL responses has been largely dominated by the study of structural HIV-1 proteins Gag, Pol, and Env, expressed later in the viral life cycle (15) . The extent to which the earlier expressed regulatory proteins HIV-1 Tat and Rev are targeted in natural infection as well as precise CTL epitopes within these proteins remains to be defined. Responses directed against these early proteins may be particularly important in viral containment during AIDS-virus infection, because HIV-1 Tat and Rev are the dominant viral proteins produced before Nef down-regulates MHC class I molecules on the cell surface (16) .
To identify the determinants of natural and vaccine-induced immune responses directed against Tat and Rev, a detailed analysis of immune responses against these proteins in natural HIV-1 infection is warranted. This is of particular interest because no CTL epitope has yet been identified for HIV-1 Tat and only one for HIV-1 Rev (15, 17) . We applied a comprehensive approach of screening for specific CD8ϩ T cell responses by using overlapping peptides spanning the entire HIV-1 Tat and Rev sequences. This report describes the first CTL epitope within HIV-1 Tat and additional CTL epitopes within HIV-1 Rev and provides evidence that these proteins are frequent targets of cellular host defenses.
Materials and Methods
Subjects. Fifty-seven HIV-1-infected and 10 HIV-1-negative individuals were studied at the Massachusetts General Hospital (MGH). HIV-1-infected persons included 32 subjects who were diagnosed and treated with highly active antiretroviral therapy (HAART) within 180 days of HIV-1 seroconversion (18), 12 individuals with chronic treated HIV-1 infection, and 13 HIV-1-infected individuals from the HIV-1 Controller Study Cohort, who contained their HIV-1 plasma viremia below 1,000 RNA copies per milliliter in the absence of antiretroviral therapy (referred to as ''controllers'') (summary is published as supplemental data on the PNAS web site, www.pnas.org). At the time of first CTL analysis, subjects on HAART had been treated for 6-12 months. HLA class I typing was performed at the MGH Tissue Typing Laboratory by using sequence-specific primer-PCR (19) . The study was approved by the MGH Institutional Review Board, and all individuals gave informed consent for participation in the studies.
Generation of CTL Clones. Specific CTL lines were isolated by limiting dilution and maintained as described (20, 21) . HIV-1-specific cytotoxicity was assessed by 51 chromium-release assay (22) by using autologous B-lymphoblastoid cell lines pulsed with peptides or infected with recombinant vaccinia virus (rVV) expressing either HIV-1 Tat or Rev (Therion Biologics, Cambridge, MA). HLA restriction of CTL epitopes was determined by using a panel of partially HLA-matched target cells (21) .
Synthetic HIV-1 Peptides. Peptides were synthesized on an automated peptide synthesizer (MBS 396, Advanced ChemTech) by using fluorenylmethoxycarbonyl chemistry. Twenty-one overlapping peptides spanning the HIV-1 BRU-B clade Rev sequence (14-16 mers with 10-aa overlap) and 15 overlapping peptides spanning the HIV-1 BRU-B clade Tat sequence (12-18 mers with 10-aa overlap) were generated (sequences listed in supplemental material). In addition, peptides corresponding to described optimal HIV-1 CTL epitopes and a panel of 259 overlapping peptides (15-20 mers) spanning the entire p17 Gag, p24 Gag, gp41 Env, gp120 Env, RT, and Nef sequence were used.
ELISPOT Assay. HIV-1-specific CD8ϩ T cell responses were quantified in duplicate by ELISPOT assay using fresh peripheral blood mononuclear cells (PBMC) (0.5-1 ϫ 10 5 ) and peptide (10 Ϫ5 M), as described previously (23) . IFN-␥-producing cells were counted by direct visualization and are expressed as spot-forming cells (SFC) per 10 6 PBMC. The number of specific IFN-␥-secreting T cells was calculated by subtracting the negative control value from the established SFC count. Negative controls were always Ͻ30 SFC per 10 6 input cells. CD8ϩ T cell responses were also measured by using rVV-based IFN-␥ ELISPOT assay as described elsewhere (24) .
Fine Mapping of CTL Epitopes. Fine mapping of the CD8ϩ T cell response was achieved by ELISPOT assay by using serial dilutions of truncated peptides as described (23) . The optimal peptide was defined as the peptide that induced specific IFN-␥ production by T cells at the lowest peptide concentration. ELISPOT results were confirmed by using the same peptide truncations in fine-mapping assays by 51 chromium release assay, as described previously (21) . All experiments were run in duplicate or triplicate. Intracellular cytokine staining assays were performed as described elsewhere with minor modifications (25) (26) (27) , by using 0.5-1 ϫ 10 6 PBMC or CTL lines and the following antibodies: anti-CD8-PerCP, anti-CD4-APC, and anti-IFN-␥-FITC. Cells were analyzed on a FACSCalibur flow cytometer (Becton Dickinson).
Statistical Analysis. Statistical analysis was carried out by using GRAPHPAD PRISM Version 2.00 for Windows 95 (GraphPad, San Diego). Statistical significance (P values) of results was calculated by two-tailed t test and by 2 analysis.
Results

CD8؉ T Cell Responses Against HIV-1 Tat and Rev Peptides.
Fiftyseven HIV-1-infected individuals were screened for CD8ϩ T cell responses against the HIV-1 proteins Tat and Rev by using overlapping peptides in an IFN-␥ ELISPOT assay. PBMC from 11͞57 (19.3%) HIV-1-positive study subjects recognized at least 1 overlapping Tat peptide (Table 1) , and 21͞57 (37%) individuals had responses against 1 or more Rev peptides ( Table 2 ). Magnitudes of responses against Tat peptides ranged from 50-920 SFC͞10 6 PBMC (median 250); frequencies for Rev responses showed a range from 40 to 900 SFC͞10 6 PBMC (median 220). All responses were CD8ϩ T cell mediated as determined by CD4ϩ T cell depletion and͞or flow-based analysis of peptide-specific intracellular IFN-␥ production by CD8ϩ T cells (data not shown). The responses identified through screening with overlapping peptides correlated with the ELISPOT results by using rVV-expressing HIV-1 Tat and Rev in a subset of study subjects (data not shown). No responses against the Tat and Rev peptides were observed in the 10 HIV-1-negative individuals used as controls. For both Tat and Rev, multiple regions were targeted in functional as well as nonfunctional domains of the proteins. These included 8 of the 15 Tat peptides and 10 of 21 Rev peptides (Figs. 1 and 2). However, no single Tat peptide was recognized by more than 7%, and no single Rev peptide was targeted by more than 12% of infected persons.
Frequency of Recognition of Tat and Rev.
To address how frequently Tat and Rev were recognized compared with other HIV-1 proteins, we screened a subset of 36 individuals with a total of 259 overlapping peptides spanning the entire p17-Gag, p24-Gag, gp41-Env, gp120-Env, RT, and Nef sequence (Table 3) . By dividing frequency of recognition by the number of amino acids per protein (and thus adjusting for protein length), both Rev and Tat were comparable to Nef and p24-Gag in frequency of recognition and receive higher scores than RT, gp41-Env, and gp120-Env.
Analysis of Differences Among Distinct Groups of HIV-1-Infected
Individuals. We next evaluated the breadth and magnitude of CTL responses directed against Rev and Tat among three different subgroups of infected persons. CTL responses directed against both Tat and Rev were more frequently observed in persons controlling viremia without medications (controllers) (39 and 46%, respectively), compared with treated individuals with chronic (17 and 41%, respectively) or acute (13 and 31%, respectively) infection (Tables  1 and 2 ). However, these differences did not reach statistical significance. Controllers targeted more CTL epitopes within HIV-1 Tat, compared with the treated individuals (median of 2 epitopes compared with a median of 1 epitope, P Ͻ 0.03), and responses directed against these epitopes were of significantly higher magnitude in controllers (471 Ϯ 270 SFC͞10 6 PBMC vs. 156 Ϯ 71 SFC͞10 6 PBMC, P ϭ 0.01). In contrast, differences between the groups did not reach statistical significance for CTL responses directed against Rev.
Functional Characteristics of HIV-1 Rev-and Tat-Specific CD8؉ T Cell
Lines. The above data provide evidence that CD8ϩ T cells are triggered to produce IFN-␥ in response to Tat and Rev peptides but Tat-10  Tat-11  Tat- Cr-release assays. Antigen-specific IFN-␥ production and lysis of target cells presenting Tat (Fig. 3 a and b) and Rev (data not shown) peptides was readily evident.
51
Cr-release assays performed by using autologous B-lymphoblastoid cell line infected with rVV expressing Tat (Fig.  3) and Rev (data not shown) confirmed that these epitopes were effectively processed intracellularly.
Identification of Optimal CTL Epitopes Within HIV-1 Tat and Rev.
Despite over 130 optimal HIV-1-specific CTL epitopes now defined (15) , no Tat epitopes have been mapped, and only one Rev epitope has been reported (17) . We therefore determined for the dormant responses the smallest truncated peptide that would afford maximal lysis at the lowest concentration. Fig. 4 a-f summarizes the determination of HLA restriction and the fine mapping of the optimal epitopes. The response to the Tat-1 peptide was found to be restricted by HLA-B53 (Fig. 4a) , one of the most frequent HLA class I alleles in the black population worldwide (28) . The optimal epitope was identified as EPVD-PRLEPW (position Tat 2-11) by both 51 Cr-release assay (Fig.  4b ) and ELISPOT (data not shown) and exactly fits the published peptide-binding motif for HLA-B53 (29) . Of the 4 persons who recognized peptide Tat-1, only 2 expressed HLA-B53 and recognized the Tat epitope restricted by this allele, suggesting that other restricting alleles and possibly other optimal epitopes might be contained within Tat-1. The CD8ϩ T cell response to the Rev-3 peptide was HLA-B*5801-restricted (Fig. 4c) with KAVRIKLFLY as the optimal epitope (Fig. 4d) . It was also recognized by another individual in whom it was restricted by HLA*B5701 (data not shown), an HLA class I allele closely related to HLA-B*5801, suggesting crosspresentation between these two HLA alleles, which has been described previously (30) .
The most frequently recognized response among all subjects was found to Rev-peptides 13 and 14. HLA restriction identified HLA-Cw5 as the restricting element (Fig. 4e) , for which no optimal HIV-specific CTL epitope has been reported thus far (15) . Fine mapping revealed the peptide SAEPVPLQL (Rev-SL9 at position Rev 69-77) as the optimal CTL epitope (Fig. 4f ) . All study individuals expressing HLA-Cw5 were subsequently tested for responses against Rev-SL9 (Table 4) . Five of 11 (45%) individuals recognized the epitope at magnitudes ranging from 120 to 730 (median 440) SFC͞10 6 PBMC. Of interest, the epitope was also recognized by 2͞5 individuals (AC39, AC43) expressing HLA-Cw8, an HLA molecule differing by only 4 amino acids from HLA-Cw5 (see http:͞͞www.anthonynolan.com͞HIG͞), suggesting promiscuous presentation of SAEPVPLQL between those HLA molecules. This epitope has also been reported as an HLA-B14-restricted CTL epitope; however, HLA-Cw types were not given for the individuals reported in that earlier study (17) .
Longitudinal Analysis of the Rev-SL9 Response. To also address the question of longitudinal persistence of responses over time and effects of antiviral therapy, the Rev-SL9 response was chosen because of its high frequency of recognition among the study subjects. Longitudinal samples were available for 6 Rev-SL9 responders, who were treated during acute HIV-1 infection and were analyzed 2 and 12 months after initiation of highly active antiretroviral therapy by using both ELISPOT and flow-based intracellular cytokine staining (ICS). Magnitudes of CTL responses as measured by ICS corresponded well to magnitudes determined by ELISPOT (data not shown). In all individuals, the response was present at both time points without significant changes in magnitude [ICS: 0.18% (range 0.1%-1%) vs. 0.2% (0.1%-0.8%) P ϭ 0.7; ELISPOT: 120 vs. 140SFC]. Two of these individuals (AC04 and AC13) underwent treatment interruption after 12 and 14 months of therapy (13) . In both subjects, the response was augmented to higher levels on transient reexposure to antigen during treatment (see supplemental material), as previously demonstrated for CTL responses against structural proteins of HIV-1 (13).
Discussion
Very little detailed data are available on HIV-1-specific responses against the regulatory proteins Tat and Rev in humans (31) . We therefore characterized CTL responses directed against HIV-1 Tat and Rev in 57 HIV-1-infected individuals comprehensively by using overlapping peptides spanning the entire Tat and Rev sequence of HIV-1. We observed that CTL responses to epitopes in Tat and Rev, characterized by both IFN-␥ production and lysis of target cells, are frequently detectable in HIV-1-infected humans and may contribute importantly to the CD8ϩ T cell response against HIV-1. Furthermore, to our knowledge this report includes the description of the first optimal CTL epitope within HIV-1 Tat and describes two of subjects with CTL responses against specific HIV-1 proteins in a subset of 36 individuals who were screened  for HIV-1-specific CD8 responses by using overlapping peptides spanning Tat, Rev, Nef, RT, p17-Gag, p24-Gag, gp41-Env, gp120 Acute  21  10  24  43  19  60  70  10  30  Chronic  10  20  30  70  60  29  43  33  24  Controller  5  80  40  100  100  100  100  80  80  Total  36  25  28  58  38  47  58  33 additional novel CTL epitopes within HIV-1 Rev, one of which represents the first HLA-Cw5-restricted HIV CTL epitope. These results thus indicate that these proteins expressed early in the viral life cycle are important targets for the cellular immune response, and that accurate dissection of CTL responses in natural infection needs to incorporate analysis of Tat and Rev. CTL responses against regulatory proteins such as Tat and Rev may be of major immunologic importance because of their early expression in the viral life cycle (32) before Nef downregulates MHC class I molecules on the cell surface (16) . The pattern of responses observed by screening with peptides suggests that particular regions of the proteins are preferentially targeted. Most identified responses map to important functional domains of Tat and Rev. It has been suggested that CTL responses directed against functionally important regions within the virus could be more effective, as CTL-induced viral escape mutations within these domains are less likely to occur or may lead to reduced viral competence (33) . Longitudinal analysis will have to evaluate whether the virus is less likely to escape from CTL that target epitopes located in these regions of Rev and Tat.
The potential importance of Tat-specific CTL has been suggested in an SIV model of AIDS virus infection showing that Tat-specific CTL select for virus escape variants very early in primary SIV infection (34) . The potential for immunization with Tat and Rev immunogens has been addressed in both animal and human studies, with encouraging results. Studies in macaques by Fig. 4 . Characterization of three CTL epitopes within HIV-1 Tat and Rev. The responses were further investigated in study subjects 6007 (HLA A*3002͞-, B53͞*5801, Cw4͞7) (a-d) and AC04 (HLA A2͞11, B18͞44, Cw5͞Cw12)(e and f ). HLA restriction was performed by using peptides presented by autologous and partially HLA-mismatched L-BCL in a 51 Cr-release assay (a, c, and e). Fine mapping of the optimal epitope was done by using serial dilutions of truncated peptides in cytotoxicity assays (b, d, and f ). Effector-to-target ratio for all assays was 20:1. (38) and an HIV-1 Revcontaining DNA vaccine have been performed. The use of overlapping peptides in the ELISPOT assays indicates that there are multiple epitopes in Tat and Rev, three of which are optimally defined. Only one of these epitopes (Rev-SAEPVPLQL) had been previously described, albeit as an HLA-B14-restricted CTL epitope (17) . However, the HLA-Cw locus was not investigated in the earlier study. In the present study, the response was shown to be HLA-Cw5-restricted and thus represents the first HIV-specific CTL epitope restricted by this HLA class I molecule. The epitope was recognized by several additional individuals expressing HLA-Cw5, as well as 2 individuals expressing HLA-Cw8, but not Cw5. Because the amino acid sequences of HLA-Cw5 and -Cw8 differ only in four amino acid positions, this finding is suggestive of promiscuous presentation between these two restriction elements, as already described for epitopes restricted by HLA-A and -B alleles (23, 30, 39) . Our findings indicate that the HLA-C locus is an important component to consider in the determination of HLA restriction, especially in view of linkage disequilibrium between certain HLA-B and -C alleles.
In conclusion, these data indicate that the regulatory proteins HIV-1 Tat and Rev are frequent targets for CTL in natural HIV-1 infection. The identification of epitopes within these proteins should facilitate the testing of CTL responses induced by vaccines expressing Tat and͞or Rev and will be important to investigate in studies of HIV pathogenesis. These findings should also encourage investigation of responses to other regulatory proteins such as Vif, Vpr, and Vpu, which may also serve as targets for CTL responses. The epitopes defined herein will allow for a more detailed analysis of CTL responses directed against regulatory proteins and may potentially represent candidates for future multicomponent HIV vaccines.
